The methyl esters of carboxylic acids are characteristic olfactory volatile compounds for the sweet aroma of snake fruit, ( Salacca edulis, Reinw) cv. Pondoh. Although methanol was not detected as a volatile constituent, the crude enzymes showed activity to synthesize the methyl esters in the presence of acyl-CoA and methanol. Therefore, the biosynthetic origin of methanol was investigated, resulting in the detection of pectin methyl transferase activity in the ‰esh. This pectin methyl transferase activity increased during fruit maturation, in parallel with the level of methanol originating from hand-squeezed juice and with the methyl esters extracted from ‰esh of the fruit. Based on these results, the origin of methanol was conˆrmed to be the methyl esters of pectins. The crude enzyme also catalyzed the formation of methyl hexanoate, one of the esters of the fruit, in the presence of methyl pectins and hexanoyl-CoA that were used as precursors for a model reaction.
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We have previously reported that the methyl esters of short-chain carboxylic acids were the major volatile compounds in snake fruit ( Salacca edulis, Reinw) cv. Pondoh.
1) These esters are responsible for the sweet and fruity character of the fruit, and their olfactory contribution is about 68z of the total. Esters of carboxylic acids have been reported to be the major aromatic compounds in such fruits as bananas, 2) strawberries, 3) melons, 4) pineapples, 5) soursop, 6) and guava. 7) The major esters were acetates of ethanol, 2-butanol and isoamyl alcohol for banana, butanoates of methanol, ethanol and ethyl hexanoate for strawberry, acetates of hexanoyl alcohol, isoamyl alcohol, octyl alcohol and benzyl alcohol for melon, and ethyl acetate and ethyl 3-(methylthio)propanoate for pineapple. Ester formation in fruit has been intensively studied. In numerous fruits such as banana, strawberry, and melon, ester biosynthesis has been studied in relation to the alcohol acyltransferase (AAT) activity. [2] [3] [4] The AAT activity in unripe fruits was low, but steadily increased during ripening. Methyl esters have also been observed as the major volatiles (À70z) in soursop, a tropical fruit, although there was no information on their methyl ester biogenesis.
6) The ‰esh of snake fruit has been found to contain short chaincarboxylic acids, but methanol was not detected by the solvent assisted ‰avour evaporation (SAFE) method when the ‰esh was extracted in the presence of CaCl2. 1) This was the primary reason for investigating the biosynthesis of methyl esters in this fruit. We focused on investigating the origin of methanol in the fruit ‰esh in order to clarify the mechanism for ester formation. We describe here the detection of methanol in the fruit after pectin a methyl esterase (PME) treatment, and a possible mechanism for volatile compound formation.
Materials and Methods
Chemicals and biochemicals. All the reagents were of analytical grade and were purchased from Sigma, except for anhydrous sodium sulfate (Kanto Chemicals, Japan).
Plant materials. Snake fruits ( Salacca edulis, Reinw), cultivar Pondoh, were obtained from Indonesia, and were harvested at various stages, deˆned as already reported:
1) stage 1 (3.5 months after pollination); stage 2 (4.0 months after pollination); stage 3 (4.5 months after pollination); stage 4 (5 months after pollination); stage 5 (5.5 months after pollination); and stage 6 (6.0 months after pollination). The samples were sent to Japan by air and stored at -809 C until being used.
Methanol determination. Hand-squeezed fruit juice (10 g of ‰esh at each maturation stage; 5 ml) was kept for 30 min at ambient temperature. Ethyl decanoate (0.15 mmol in 2000 ml of diethyl ether) was added as an internal standard. The juice was extracted with diethyl ether (1:3, 3 times), dried over anhydrous sodium sulfate, and concentrated to 100 ml. A sample volume of 1 ml was injected into a Hitachi G-3000 GC instrument with a split ratio of 1:40. A TC-Wax column (df 0.25 mm, 0.25 mm i.d.×30 m) was used under the following temperature program: 5 min isothermal at 409 C and then increased incrementally to 1509 C at rate 39 C W min. The amount of methanol was calculated from the regression curve ( y＝0.069x＋0.0032; y＝methanol in mmol and x＝ methanol W ethyl decanoate; R 2 ＝0.98) that had been obtained by GC analyses of the mixtures of methanol and ethyl decanoate.
Crude enzyme preparation. The crude enzyme was prepared according to the method of Barnavon et al. 8) Brie‰y, ground snake fruit (5 g each) was homogenized in 10 ml of 0.5 M Tris-HCl buŠer at pH 8.5 containing 1z Triton X-100, 20z glycerol, 5z polyvinyl polypyrrolidone (PVPP), 2 M NaCl, and 20 mM b-mercaptoethanol, and then stirred for 15 h at 49 C. The homogenate was centrifuged at 17,000 g for 30 min and the pellet re-homogenized in the same manner. The resulting supernatants were pooled, and ammonium sulfate was slowly added up to a concentration of 80z, the resulting suspension being stirred for 2 h and left to stand overnight. The precipitate was removed and dissolved in a 0.1 M phosphate buŠer (pH 7.5), and the solution dialyzed and centrifuged to give the crude enzyme extract. The protein content was not evaluated.
Measurement of the pectin methyl esterase activity. PME activity was detected according to the method of Barnavon et al. 8) by following the release of methanol from esteriˆed pectin (89z methylated citrus pectin, designated as methyl pectins, Sigma). The methanol generated from the pectins was oxidized, and the resulting formaldehyde was spectrophotometrically quantiˆed as described by Klavon and Bennet. 9) Ester formation assays. In experiment 1, the crude enzyme (100 ml) already mentioned was mixed with 6 mM methanol and 0.36 mM hexanoyl-CoA in an assay buŠer (0.1 M phosphate at pH 7.5) 4) in a 5-ml sealed tube for 15 h at 359 C. Theˆnal volume of the reaction mixture was 1000 ml. In experiment 2, the crude enzymes (100 ml), hexanoyl-CoA (0.36 mM), and methyl pectins (1.5z) in the buŠer (1000 mlˆnal volume) were incubated for 15 h at 359 C. In experiment 3, the crude enzyme (100 ml) and methyl hexanoate (0.36 mM) in the buŠer (1000 mlˆnal volume) were incubated for 15 h at 359 C. Pentane (2 ml) was added to each reaction mixture, which was then vigorously vortexed for 30 s. The combined pentane layer (extracted 3 times) containing methyl hexanoate (for exps. 1 and 2), and hexanoic acid (for exp. 3) was separated by centrifugation (09 C, 3000 g), transferred to a glass tube, and dried over anhydrous sodium sulfate. Methyl hexanoate was detected either by GC-MS (for exp. 1) or GC-SIM (for exp. 2), and hexanoic acid by GC-SIM (for exp 
Results and Discussion
Methanol detection in hand-squeezed fruit juice and PME activity during fruit maturation
In our previous experiment, the methanol concentration was 0.01z of the total volatile compounds of snake fruit extracted by the SAFE 1, 10) method in the absence of CaCl 2 . However only a trace amount of methanol was detected when the ‰esh was extracted by the same method in the presence of CaCl2, 1) which is known as an enzyme inhibitor. Therefore, we expected the presence of endogenous enzymes, which may hydrolyze methyl esters of the volatile compounds or large-molecule methyl esters, to result in the release of methanol. When the fruit juice prepared in the absence of CaCl2 was kept at ambient temperature for 30 min, methanol was released. As shown in Fig. 1 , the concentration of methanol increased as the fruit matured, reaching a maximum level in the juice obtained from the fruit at stage 6 (0.08 mmol W g of ‰esh). PME is a ubiquitous cell wallbound enzyme that catalyzes the hydrolysis of methyl-ester groups from galacturonosyl residues. 8, 11) Frenkel et al. have reported that the methanol content increased during the development of wildtype tomato, and that PME was the key enzyme for methanol production. 12) This observation was suggested to coincide with changes in the water-soluble pectin properties. Water-soluble pectin of tomato increased during maturation, while the degree of methylation decreased. 13) Methanol possibly pro- duced by the action of PME has been reported as one of the undesirable contaminants in wine.
14) The presence of methanol has also been reported in fresh grapefruit juice and unpasteurized orange juice due to the action of naturally occurring PME in the fruits. 15, 16) These observations and the results of previously reported work strongly suggest that methanol would be released from water-soluble pectin by the action of endogenous enzymes such as PME during the storage of snake fruit juice at ambient temperature.
As shown in Fig. 1 , the PME activity of snake fruit increased with maturation stage, reaching a maximum level (about 760 pkt W g of ‰esh) at stages 5 and 6. This observation is similar to those previously reported during tomato and avocado ripening. 17, 18) The PME activity during fruit maturation coincided with the concentration of methyl esters. The ester levels of pentane extracts resulting from microwave extraction were 0.09-3.07 mg W g ‰esh until stage 3, then rapidly increasing after stage 4 to exceed the level of carboxylic acids. The ratio of esters W carboxylic acids was 0.02-0.83 until stage 4, reaching 2.45 and 2.03 at stages 5 and 6, respectively. 1) Thus, the esters, an important contributor to the snake fruit aroma, were mainly biosynthesized between stages 4 and 6 to reach the highest level (21.7, 32.0 mg W g ‰esh at stages 5 and 6, respectively). Similar phenomena have been observed with guava, 7) peach, 19, 20) strawberry, 21) and grape.
22)
Methyl ester formation by the crude enzyme (exps. 1, 2 and 3)
The major methyl esters found in snake fruit were methyl 3-methylpentanoate (13.3z) and methyl 3-methyl-2-pentenoate (35.2z). Unfortunately, acylCoAs corresponding to those methyl esters could not be used as model precursors for a methyl ester formation study, because they are not commercially available. Therefore, the formation of methyl hexanoate, which accounted for 4.7z of the total volatile compounds, was examined in this study instead of the dominant methyl esters. We conˆrmed the formation of methyl hexanoate from the reaction mixtures by comparing either the mass fragmentation patterns of MS spectra, MS chromatographic proˆles, and W or SIM proˆles of the sample solutions with those of authentic methyl hexanoate. To detect methyl hexanoate, the characteristic fragment ions of m W z 99
＋ , and m W z 59 (COOCH 3 )
＋ were traced as shown in Figs. 2 and 3 . In exp. 1, the GC-MS chromatographic analysis of the pentane extract clearly revealed the formation of methyl hexanoate, as shown in Figs. 2 and 3 . A peak was detected at t R 7.38 min ( Fig. 2A) , which was identical to that of authentic methyl hexanoate (Fig. 2E) , on the chromatogram of the extract of the reaction mixture. This peak was not detected in the extract (Fig. 2C) containing the crude enzyme alone, nor in the reaction mixture (Fig. 2B ) containing methanol and hexanoyl-CoA in the absence of the crude enzyme. The MS spectrum of the peak at tR 7.38 min in Fig. 2A was identical to that of authentic methyl hexanoate (Fig. 2E) . We therefore conˆrmed the formation of methyl hexanoate in the reaction mixture. The yield of methyl hexanoate detected in the reaction mixture was 1.0 molz of hexanoyl-CoA, and this is likely to have been the result of low alcohol acyltransferase activity of the crude enzyme. We also conˆrmed the formation of methyl hexanoate in exp. 2 (Fig. 3) . GC-SIM traces showed peaks at tR 6.67 min in the ratio of 13W 29 W 100 W 33＝m W z 99 W m W z 87 W m W z 74 W m W z 59 (Fig. 3A) that coincided with those (tR 6.67 min; a ratio of 13 W 25 W 100 W 28 for m W z 99 W m W z 87 W m W z 74 W m W z 59) for authentic methyl hexanoate (Fig. 3C) . The yield of methyl hexanoate was 0.04 molz under the conditions used. Although peaks were detected at around the tR value for methyl hexanoate in the absence of methyl pectins (Fig. 3B) , the ion intensity at m W z 74 was less than 10z that in Fig. 3A , and very small peak was detected at tR 6.67 on the trace of m W z 59. Therefore, methyl hexanoate was produced in a trace amount by the crude enzyme in the absence of methyl pectins. It is suggested that PME was responsible for releasing methanol from methyl pectin. We tried to ascertain whether the crude enzyme would hydrolyze methyl hexanoate or not (Exp. 3). No detectable amount of hexanoic acid (at tR of 33.41 min) was released in the reaction mixture consisting of methyl hexanoate and the crude enzyme, and indicating that the crude enzyme showed hydrolytic activity only toward methyl pectins and not toward methyl hexanoate. Therefore, the methyl esters of carboxylic acid were generated from acyl-CoAs and methanol essentially formed by the action of the crude enzymes in the presence of methyl pectins. Methyl ester formation using SAM ( S-adenosyl-L-methionine) as the methyl donor 23) was also examined. However, we could not conˆrm the formation of methyl hexanoate either by GC or GC-MS.
Based on these results, we propose the possible in vitro biosynthetic pathway for methyl ester formation of snake fruit as methanol released from methyl pectins by the action of PME being transferred to acyl-CoA by the action of an ester synthase.
In conclusion, the major olfactory contributors, the methyl esters of carboxylic acids, were conˆrmed to be enzymatically synthesized from corresponding acyl-CoAs in the presence of methyl pectins and crude enzymes such as PME. This is theˆrst report on the biogenesis of methyl esters of short chaincarboxylic acids in fruits.
